Based on the device physics, a mobility model for organic thin-film transistors (OTFTs) is presented considering temperature and contact resistance. As a function of the surface potential, the mobility model including hopping mechanism is able to explain the dependence of temperature and gate bias. The contact resistance is also considered in order to extract the correct mobility. Furthermore, with the assumption that the trapped carrier concentration dominates Poisson's equation, and combining the mobility model, a DC compact model accounting for contact resistance and temperature is proposed suitable for the temperature scaling from 83 to 295K. Through the extensive comparisons between the model results and the numerical iteration or experimental data, the validity of the mobility and current models is strongly supported.
drain current, the inclusion of contact resistance becomes very necessary.
In this paper, we present a compact mobility model as a function of temperature for OTFTs. Based on the Miller-Abrahams rate equation and the Einstein diffusion relation, we discuss the dependence of mobility on surface potential and temperature. Since the contact resistance strongly affects the mobility, we calculate it and extract the exact mobility. Finally, combining the mobility and drain current models, a DC compact model considering contact resistance and temperature is proposed with temperature scaling from 83 to 295K. The calculated drain current is verified by available experimental data at different temperatures.
II. THE HOPPING MOBILITY MODEL
The cross-section view of an OTFT is shown in Fig. 1(a) . The source and the drain locate at the top side, the gate is at the bottom side, and an organic semiconductor (OSC) layer exists in between the gate oxide and the source/drain. Note that, in OTFTs, the highest occupied molecular orbital (HOMO) is similar to the valence band in silicon, and the lowest unoccupied molecular orbital (LUMO) is similar to the conduction band [14] . The energy difference between them is the bandgap energy (E g ), in which the conduction is sophisticated and takes place by carrier hopping between two neighboring localized states as shown in Fig. 1(b) [10] .
In organic semiconductor, the disorder in the molecular arrangement and the presence of grain boundaries lead to the high density of localized states. Based on [10] , we obtain the hopping mobility (μ HOP ) equation as
where ν 0 is the hopping frequency; β = q/kT; q is the elementary charge; k is the Boltzmann constant; T is the absolute temperature; B ≈ 2.7±0.1 is the percolation threshold; R ij is the average jumping distance; N t0 is the occupied localized charge concentration; E f is the Fermi energy level; and E t is the transport energy. Notice that, N t0 is a constant in [10] , but herein, it should be expressed as [15] 
where g(E) is the density of states (DOS) at localized energy (E); f (E) is the Fermi-Dirac function; g 2 is the tail DOS at E LUMO ; E LUMO is the LUMO energy; E f 0 = E f − E LUMO in the neutral organic thin-film [16] ; V ch is the channel potential respect to the source; and T 2 is the distribution function width. Therefore, inserting (2) into (1), the hopping mobility is
From Eq. (3), we know that μ HOP is a function of energy
where ϕ s is the surface potential; E g = E HOMO − E LUMO and it is the bandgap of the OSC; and E HOMO is the HOMO energy. In this paper, as the term of (sin π T T 2 ) changes from 0.5 to 1, the impact on temperature is insignificant.
as a model parameter. Given that the surface-potential-based DC model is described in the following section, the mobility is also expressed by surface potential, making the relationship between mobility and electrical field more straightforward. Thus, we rewrite the μ HOP equation as
The above equation shows temperature-dependent hopping mobility as log(μT) ∝ T −1 and surface-potential-dependent mobility as log(μ) ∝ ϕ s . When E f is located at different energy, the deep and tail state densities dominate respectively the subthreshold and above-threshold characteristics. As a consequence, we divide the mobility model into two regimes. In different regimes, the mobility can be simplified as
where μ R represents μ sub and μ ab , respectively. Likewise, MB R and MC R represent MB sub , MB ab and MC sub , MC ab , respectively. The subscript R means parameters restricted in the corresponding regimes. The subscripts sub and ab denote the subthreshold and above-threshold regimes, respectively. Consequently, the proposed semi-empirical mobility (μ eff ) formulation for OTFTs takes on the following form [17] 
where m 0 is a fitting parameter for the connection of μ sub and μ ab ; V gt = V gs − V T , and V gs is the gate-to-source voltage; V T is the threshold voltage, which is extracted at the x-axis intercept of the transfer characteristic in the above-threshold regime [11] . 
III. THE EXTRACTION OF MEASURED MOBILITY
All the parameters in the mobility model are summarized in Table 1 . To include the contact effect in the mobility model and determine the parameters in (6), the extraction procedure is divided into two steps as described in the following.
A. FIRST STEP
Extraction of the measured mobility (μ m ) and contact resistance (R C ).
To acquire the measured mobility, we can first extract the field-effect mobility from the transconductance [11] , [18] 
where L and W are the channel length and width of transistors, respectively; C ox is the gate insulator capacitance; I ds and V ds are the drain-to-source current and voltage, respectively. The term ∂I ds ∂V gs is obtained directly from the transfer curve.
Nevertheless, Eq. (8) holds only when contact resistance can be neglected according to [13] . As mentioned above, it is necessary to consider the contact effect into mobility in OTFTs. Therefore, the following simple equation [19] can be used to include R C
where R ch = R T − R C and it is the channel resistance; R T = V ds /I ds and it is the total resistance. The contact resistance (R C ) can be expressed as [13] 
where R 0 = R 00 exp( R m T ); D, a 1 , and a 2 are characteristic parameters determined by materials and device structures; R 00 and R m are tuned to fit R 0 . As a result, the measured mobility (μ m ) considering the contact resistance can finally be calculated from Eqs. (9) and (10).
B. SECOND STEP
Extraction of MA, MB R , and MC R .
After Step 1, by making the fitting parameters in Eq. (6) consistent with the extracted mobility (μ m ), our proposed mobility model in (6) takes the contact effect into account.
For more details, firstly, MA is set to be 1 cm 2 ·K/Vs. After μ m is determined, the plots of log(μ m T) vs. T −1 for different gate bias can be obtained. Secondly, as described in [20] , from the subthreshold swing, the deep state density parameters of g 1 and E 1 can be extracted. Then ϕ s can be computed as shown in Section IV. Thirdly, initial values of MB R and MC R are estimated from the slopes of log(μ m T) vs. T −1 and log(μ m ) vs. ϕ s lines, respectively. Then, MB R and MC R are also optimized to fit the plot of log(μ) vs. V gs in the subthreshold and above-threshold regimes at different temperatures, respectively.
IV. THE COMPACT DC MODEL
In OTFTs, the energy disorder is usually described by the double exponential distributions as [21] - [24] :
where T 1 is the distribution function width. Following our previous work [25] , in the subthreshold regime, according to the Lambert W function (W 0 ), the surface potential yields
In the above-threshold regime, we can also get
All parameter definitions can be referred to [26] . Applying the smoothing function to (12) and (13), one obtains the surface potential ϕ s . The drain current reads [27] 
where Q a is the accumulation charge per unit area at the semiconductor-insulator interface, i.e.,
It can be approximated as
Thus, we combine the mobility model (7) into the current model to obtain the final drain current expression as I ds = I Deep + I Tail (17) where the current components considering the deep state density (I Deep ) and the tail state density (I Tail ) are given by (18) , as shown at the bottom of this page and (19) , as shown at the bottom of this page, respectively. Note that, in [26] , the free electron charge contributes to the drain current. However, as discussed in [18] , [27] , since hopping mechanism is dominated in OTFTs, both the trapped carrier concentration and the accumulation charge are the contribution components for drain current. In addition, the current model [26] is only satisfied when the mobility is larger than 0.1 cm 2 /Vs. Our model results indicate that the value of mobility is not a constant, but dependent on the temperature and surface potential. Furthermore, our mobility model also considers the contact resistance, which is not taken into account by [26] . Hence, the physical-based mobility model of (5) is more suitable and precise for the drain current model of (17) . Combining the mobility model with the drain current, a good fitting result verifies the effectiveness. As a result, a surface-potential-based drain current model (17) is developed considering both deep and tail DOS for OTFTs.
V. RESULTS AND DISCUSSIONS
As depicted in Fig. 2(a) , the measured mobility can be extracted by (9) at different V gs to show the hopping mechanism described by (5) , where the y-axis is the mobility times T, and the x-axis is the units of T −1 . It can be seen that, even though at high V gs , the hopping mechanism still dominates. In Fig. 2(b) , the mobility is plotted as a function of ϕ s , where a good fit at high ϕ s can be seen.
From the linear and semi-logarithmic coordinates of Fig. 3 , it can be seen that the analytical results (16) accurately represent the numerical results (15) , which well implies the precision of Eq. (16) as the approximation of (15) . Based on Liu et al. [13] , [28] , the contact resistance is related to V gs , and it can be calculated by Eq. (10). Figure 4 shows   FIGURE 2. Plots of (a) log(μT ) vs. T −1 for different gate bias, with  intervals of 1 V and (b) log(μ) vs. ϕ s at different temperatures, and the  temperatures in the direction of the arrow are 293, 270, 248, 220, 200, 188,  173K . the channel and contact resistances as a function of V gs . It indicates that R C is comparable to R ch at high V gs , and therefore, taking R C into account is necessary.
To verify the accuracy of the mobility model (7), we first extract the field-effect mobility from (8) as the dotted line in Fig. 5(a) where the experimental data is from [29] . After fitting the model parameters in (6) with μ m1 and applying the hopping mobility model to the drain current model (17) , the model results without considering R C (the dotted in Fig. 5(b) ) are a little larger than the experiment data when V gs is high. Therefore, it is necessary to consider the contact resistance. Following (9) , the extracted mobility (μ m ) is shown as the circle in Fig. 5(a) . By making the fitting parameters in Eq. (6) consistent with the extracted mobility (μ m ), the mobility model (7) considering the contact resistance is plotted by solid lines. It can be clearly seen that the modeled results show a good agreement with μ m at different temperatures. Finally, the drain current model is obtained considering contact resistance, as shown in Fig. 5(b) which suits well with the experimental data at different temperatures. All the mobility and drain current parameters are summarized in Table 1 .
We have also verified the effectiveness of our model by using the samples described in [30] - [31] . As depicted in Figs. 6 and 7, the current model fits well with the experimental data. It indicates that the availability of the mobility and drain current models.
VI. CONCLUSION
In summary, this paper has presented a compact mobility model for OTFTs accounting for the mobility dependence of temperature and surface potential. Furthermore, it also takes the contact resistance into account. Assuming that the trapped carrier concentration dominates Poisson's equation, an analytical drain model expression considering both deep and tail DOS is obtained. The expression is valid in both the subthreshold and above-threshold regimes at different temperatures. A nice agreement between the model results and experimental data justifies the precise of these models.
